1. Introduction {#sec1}
===============

The recent worldwide outbreak of severe acute respiratory syndrome related coronavirus 2 (SARS-CoV-2)([@b53]) has led to unprecedented pressure on national healthcare systems([@b17]). The World Health Organization (WHO) advised the international community to perform extensive diagnostic tests to reduce the spreading of the virus and decrease the number of unreported cases (i.e.,asymptomatic or mild cases)([@b26], [@b57]). This strongly motivates the researchers to develop reliable testing tools to make SARS-CoV-2 diagnostics easier, cheaper and more accessible([@b14], [@b8], [@b34], [@b58], [@b42], [@b43], [@b3]). While quantitative reverse transcription polymerase chain reaction (qRT-PCR) is the most reliable method to detect the genome of SARS-CoV-2 at the early stage of the infection([@b10], [@b9], [@b33]), serological tests for viral antibodies are equally important as they can identify false negative qRT-PCR responses because the virus concentration tends to become low at the late stage of the infection([@b24]). In addition, sampling for antibodies are easier because antibodies are more stable than RNAs. Even though it takes several days to develop sufficient amount of antibody in blood plasma or serum once a patient is infected by SARS-CoV-2, serological analysis is crucial for the identification of asymptomatic infections to further control the spread of the virus([@b37], [@b15], [@b11], [@b12]). Finally, the antibody tests can help to track how effectively the patient's immune system is fighting the infection and are potentially helpful for plasma transfusion therapies([@b22], [@b52], [@b27], [@b39], [@b16], [@b2], [@b24], [@b25]).

Several serological tests have received the Emergency Use Authorization (EUA) from the U.S. Food and Drug Administration (FDA)([@b48]). Among them, enzyme linked immunosorbent assays (ELISA), chemiluminescent immunoassays, and neutralization assays([@b35]) are reliable but necessitate of trained operators and require hours or even days to perform the analysis([@b20]). On the other hand, rapid diagnostic tests such as lateral flow assays, are easier to use and provide the results quickly (i.e, 10--30min), but they offer only qualitative information and their accuracy is not always sufficient([@b5], [@b47], [@b20]). A comprehensive survey of the existing serological tests published by FDA is summarized in TableS1 in the Supplementary Material.

More recently, new diagnostic sensors([@b54]) have been developed to support the standard SARS-CoV-2 diagnostic techniques by detecting the viral RNA by using CRISPR (clustered regularly interspaced short palindromic repeats) based assays([@b18]) and plasmonics([@b38]), the viral surface proteins by field-effect transistors([@b43]), membrane-engineered mammalian cells([@b30]), and toroidal plasmonic devices([@b1]). In addition, new lateral flow assays based on immunochromatographic strips have also been established to identify the antibodies produced in blood in response to the viral infection with qualitative outputs (i.e.,positive or negative)([@b55]).

Motivated by finding a reliable, rapid, and cost-effective alternative to existing serological methodologies for antibody detection([@b14]), we develop an opto-microfluidic biosensor platform to quantify the concentration of anti-SARS-CoV-2 spike protein antibodies in diluted human plasma by correlating the wavelength shift of the localized surface plasmon resonance (LSPR) peak of gold nanostructures in the microfluidic device upon binding interactions with the SARS-CoV-2 spike protein. The LSPR detection principle is based on the local refractive index changes around the metal nanostructures due to the biomolecule binding events (i.e.,antigen--antibody binding). This leads to a red shift of the LSPR peak of the noble metal nanostructures, which is directly proportional to the target antibody concentration([@b51], [@b31]). Another advantage of LSPR-based sensing is that the short decay length of the electromagnetic field in localized surface plasmons greatly reduces interfering effects from the bulk solution, which is desirable when analyzing complex samples such as blood plasma or serum containing fibrinogen, globulins, etc.([@b45]). Our optofluidic platform consists of a gold nanospike covered glass substrate, fabricated by gold electrodeposition (ED), integrated in a microfluidic chip coupled with a reflection probe to detect the presence of antibodies against the SARS-CoV-2 spike protein within $\sim$30min in a diluted human plasma (1:1000), with the limit of detection (LOD) of $\sim$0.08ng/mL ($\sim$0.5pM), which falls under the clinical relevant concentration range (ng/mL--$\mu$g/mL in diluted plasma samples)([@b4], [@b19], [@b27]). Our work successfully demonstrates, for the first time, an opto-microfluidic chip to detect antibodies specific to the SARS-CoV-2 spike protein in real human plasma with high sensitivity and selectivity, without labeling agents, which can be expanded as a potential point-of-care antibody testing platform for real sample analysis.

2. Materials and methods {#sec2}
========================

2.1. Chemicals and biological materials {#sec2.1}
---------------------------------------

Glycerol, acetone, isopropanol (Sigma Aldrich, Japan) and MilliQ® water (Millipore, Japan) are used for the sensitivity measurements and sample preparation. Gold (III) chloride trihydrate (520918), human plasma (c), lead (II) acetate trihydrate (316512), goat anti-mouse IgG (M8642), mouse IgG (I5381), bovine serum albumin (BSA, A2153), and phosphate buffered saline (PBS) tablets (P4417) are purchased from Sigma Aldrich, Japan. Human C-Reactive Protein (CRP, 1707-CR-200) is obtained from R&D Systems, Japan. SARS-CoV-2 spike protein peptide (ABIN1382273) and anti-SARS-CoV-2 spike protein antibody (ABIN1030641) are purchased from antibodies-online.com, Germany. Interleukin 6 (IL-6, PHC0066) is purchased from Thermo Scientific, Japan. N-hydroxysuccinimide (NHS, 24500) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC, 22980) are purchased from Thermo Scientific, Japan. 11-mercaptoundecanoic acid (450561) and 6-mercapto-1-hexanol (725226) are purchased from Sigma Aldrich, Japan. Polydimethylsiloxane (PDMS) is purchased from Dow Corning, Japan.

2.2. Gold electrodeposition {#sec2.2}
---------------------------

Gold (Au) coated glass slides (CA134, 50Å of chromium as adhesion layer and 1000Å of Au) are purchased from Dynasil's EMF, USA. The glass slides are cut in 25mm$\times$25mm pieces using an automatic dicing saw (DAD322, Disco, Japan) and cleaned sequentially at room temperature via sonication for 5min in acetone (ACE), isopropanol (IPA) and MilliQ® and dried with a stream of nitrogen. The electrodeposition (ED) process is performed using an Ivium CompactStat.h (Ivium Technologies, Netherlands) in a bottom magnetic mount electrochemical cell (BMM EC 15mL) from redox.me, Sweden. The gold coated glass slide is mounted at the bottom of the cell and used as the working electrode, while a Pt wire and a Ag/AgCl (3M NaCl) electrode are used as the counter and reference electrode, respectively. The electrolyte solution contains 8mM of AuCl${}_{3}$ and 0.5mM of Pb(CH${}_{3}$COO)${}_{2}$([@b40]), and its cyclic voltammetry profile is shown in the Supplementary Material (Fig.S1a).

The electrodeposition (ED) process offers great flexibility in manipulating nanostructure properties (e.g.,size, shape, etc.)([@b46], [@b7], [@b40], [@b41], [@b29], [@b32]) for a variety of biosensing applications([@b44]), by adjusting the electrolyte concentration, the ED time, and the voltage applied to the electrode. In this work, a fixed voltage (-1.85V) is applied to the gold coated glass slides, while deposition times are varied at 90, 180, 240, 300, 390, 480, 600 and 720s respectively. Since the 480s ED time produces the most uniform Au nanospikes with the best optical properties (see chronoamperometric profiles of different ED conditions in Supplementary Material (Fig.S1b)), this ED condition will be used for all the experiments. Finally, the Au nanospike (with an area of $\approx$1cm${}^{2}$) covered glass substrates are washed 3 times with MilliQ® water and dried with a gentle stream of nitrogen before surface functionalization steps.

2.3. Morphological characterization of gold nanospikes by scanning electron microscopy {#sec2.3}
--------------------------------------------------------------------------------------

The scanning electron microscopy (SEM) is carried out by using a high performance scanning electron microscope (FEI Quanta 250 FEG, Thermo Fisher Scientific). Images are acquired at 20kV, with a magnification of 30,000$\times$ and 100,000$\times$ inside a vacuum chamber maintained at a pressure of 10^−4^Pa. The top view of the Au nanospike covered substrate is captured with the electron gun placed normal to the substrate, while the side view of the substrate is captured by tilting the substrate at 40°.

2.4. Functionalization of gold nanospikes {#sec2.4}
-----------------------------------------

A 1:1 mixture of 1mM of MUA (11-mercaptoundecanoic acid) and 9mM of MCH (6-mercaptohexanol) in pure ethanol (99.9%) is prepared in the fume hood. The Au nanospike covered substrate is placed in a glass Petri dish and exposed to the thiol mixture in a cold room at 4°C for 14--16h. To prevent the evaporation of the ethanol, the glass Petri dish is kept in a humid chamber during the functionalization step. After incubation, the solution inside the wells is rinsed with 1mM MCH. The substrate is then incubated for 1h with a 1mM solution of MCH to backfill the gold surface, at room temperature in the fume hood. Next, the MCH solution is rinsed with ethanol. To activate the surface, the Au nanospikes are incubated with a 1:1 solution of 10mM NHS (N-Hydroxysuccinimide) and 40mM of EDC (1-Ethyl-3-(3-dimethytaminopropyl) carbodiimide) in MilliQ water at room temperature for 15min. The Au nanospikes are next exposed to an antigen sample (either $1\quad\mu g$/mL murine IgG or $1\quad\mu g$/mL SARS-CoV-2 S peptide in PBS) for 2h at 4°C. The Au nanospike covered substrate is then washed with PBS and incubated with a BSA solution at $100\quad\mu g$/mL for 30min at room temperature to block the remaining free surface and prevent non-specific interactions. This functionalization procedure is verified by recording the LSPR spectra in air after each step of the protocol (i.e.,The LSPR peak positions at each stage of the functionalization protocol are reported in Fig.S5 in the Supplementary Material). The detailed description of the LSPR measurements and the acquisition conditions (i.e.,probe position, light intensity, acquisition time) are reported in the next subsection.

2.5. Opto-microfluidic platform assembly {#sec2.5}
----------------------------------------

The functionalized Au nanospike covered substrate (I in [Fig.1](#fig1){ref-type="fig"}(a)) is next bonded to a polydimethylsiloxane (PDMS) slab (III in [Fig.1](#fig1){ref-type="fig"}(a)) by a $85\quad\mu m$ thick double-coated adhesive polyester tape (5302A from Nitto, Japan), II in [Fig.1](#fig1){ref-type="fig"}(a). The polyester tape is cut by a CO${}_{2}$ laser cutter (VLS3.5 from Universal Laser Systems, Inc., USA) in 1.8cm$\times$1.8cm squares. The laser cutter is also used to remove a 1.2cm $\times$ 0.2cm area from the middle of the tape, which serves as the microfluidic channel. The PDMS slab (III in [Fig.1](#fig1){ref-type="fig"}(a)) is 2cm$\times$2cm $\times$3mm (length$\times$width $\times$height). Holes of 1mm and 1.5mm in diameter are punched in the PDMS slab by using disposable biopsy punchers (Kai Medical, Japan). The outer holes are used for sample delivery (sample volume of 1mL), facilitated by a plastic syringe via a syringe pump at a flow rate of 30$\mu$L/min, with Intramedic polyethylene tubes (427406, BD, Japan). The center hole is used to house the optical probe as shown in [Fig.1](#fig1){ref-type="fig"}(b).Fig. 1Opto-microfluidic design and experimental setup. Various components (from I to IV) shown in (a) are assembled into an integrated optofluidic device (b). The samples are delivered to the microfluidic platform by a syringe pump with polyethylene tubings (c). Silicone-based glue is used to seal the device. The reflective fiber optic probe delivers the light provided by the light source to excite the Au nanospikes embedded in the opto-microfluidic chip. The same probe collects the reflected light to the detector.

The optical setup consists of a homemade reflective fiber-optic probe, light source (a white light tungsten halogen lamp (HL-2000-HP-FHSA, Ocean Insight, Inc., Germany)) and a detector (a UV--Vis spectrometer, USB-4000-ES from Ocean Insight, Inc., Germany). As shown in [Fig.1](#fig1){ref-type="fig"}(a) and b, two $600\quad\mu m$ optical fibers (FP600ERT, Thorlabs) are used to excite the Au nanospikes and collect the reflected light. A stainless steel tube (ID 1.2mm) is used to enclose the fibers in the reflection probe. The probe position is precisely regulated by a triaxial moving stage to keep the probe depth constant in the microfluidic chip for all experiments. After inserting the probe and the tubing in the PDMS slab, the holes are sealed with silicone glue to prevent leakages and air bubble formation ([Fig.1](#fig1){ref-type="fig"}(c)). Note that the hardware components of the setup (i.e.,spectrometer, light source and fiber optics cost $\approx$8000USD in total) are reusable. The material costs for a single opto-microfliudic chip is $\approx$2USD, but the cost can be reduced by optimizing the fabrication procedure for the scale up production. Once the chip is assembled and the experiment is initiated, we use a MATLAB graphic user interface (GUI) to record and process the absorbance spectrum every 10s.

3. Results and discussion {#sec3}
=========================

3.1. Morphological and optical properties of gold nanospikes {#sec3.1}
------------------------------------------------------------

The morphological characteristics of the Au nanospikes fabricated by different ED times (i.e.,from 90 to 720s) have been analyzed by SEM (Fig.S2). Among these conditions, samples prepared at 480s ED time display the most regular and uniform Au nanospikes with a surface coverage of $\approx$20% ([Fig.2](#fig2){ref-type="fig"}), with the strongest light absorption at $\approx$513nm (see absorption spectrum in [Fig.3](#fig3){ref-type="fig"}(a)). Thus, all the results shown below are based on this fabrication protocol.

The refractive index (RI) sensitivity of the pristine Au nanospikes in the opto-microfluidic device is calculated by measuring the wavelength shift in the LSPR peak position when solutions with different refractive indexes (RI) are delivered to the microfluidic chip. Specifically, water and glycerol mixtures with concentration ranging from 10 to 50% w/w are used to vary the refractive indexes. The spectra of the gold nanospikes exposed to these solutions are shown in [Fig.3](#fig3){ref-type="fig"}(b), while the LSPR peak shift versus the RI of the solution is plotted in [Fig.3](#fig3){ref-type="fig"}(c). The refractive index sensitivity of the Au nanospike covered substrate is calculated to be 183nm/RIU. This value is comparable with the refractive index sensitivity of gold nanostructures reported in literature (e.g.,from 44 to 703nm/RIU)([@b6]). Even though gold nanospikes fabricated by ED in our work do not have the highest RI sensitivity, the nanofabrication procedure we have developed for Au nanospikes is extremely easy, cheap (no need for the clean room facility), and fast (480s), thus suitable for scale up productions.Fig. 2(a) Photo snapshot of the gold coated glass slide modified by electrodeposition. The reddish circular area represents the portion covered by the Au nanospikes. SEM images of Au nanospikes: (b) 30,000$\times$, top view; (c) 30,000$\times$, tilted (40${}^{\circ}$); and (d) 100,000$\times$, tilted (40${}^{\circ}$).

Fig. 3(a) Normalized average absorbance spectrum for gold spikes fabricated with 480s ED time. The plot is the average of 25 spectra collected on different substrate positions on different samples. (b) Absorption spectra resulting from the exposure of gold nanospikes to aqueous solutions with different refractive indexes: water (W) and water/glycerol (G) mixtures with varying concentrations 10 to 50% w/w. The black arrow highlights the red shift in the resonance peak due to the increase in the refractive index of the solution. (c) The refractive index sensitivity of the gold nanospike substrate is calculated by linear regression from LSPR peak shifts recorded for water and glycerol mixtures shown in (b).

3.2. Anti-IgG antibody detection in PBS {#sec3.2}
---------------------------------------

Before employing our opto-microfluidic device in detecting antibodies against the SARS-CoV-2 spike protein, we first use a model IgG/anti-IgG system to validate the accuracy and reliability of the platform. As described in Section[2.4](#sec2.4){ref-type="sec"}, after fabricating the Au nanospike covered substrate, we coat the Au nanospikes with a self-assembled monolayer (SAM) of alkyl thiols. Next, we immobilize the antigen (i.e.,murine IgG in this case) on the treated substrate, then block the remaining free surface with BSA to prevent nonspecific binding. Each step of the functionalization procedure is verified by measuring the LSPR peak shift in air (more details shown in Fig.S5a in the Supplementary Material). Subsequently, the functionalized Au nanospiked glass substrate is bonded with PDMS with a polyester tape, and coupled with the reflection probe.

Once the opto-microfluidic chip is assembled, PBS is delivered to the microfluidic channel by a syringe pump at a flow rate of 30$\mu$L/min and the baseline from the PBS solution is recorded (see [Fig.4](#fig4){ref-type="fig"}(a) where the LSPR peak position is monitored). After the sensor signal is stabilized in PBS, the PBS solution containing the antibody (1ng/mL of anti-mouse IgG produced in goat) is injected to the microchannel. The change in the local refractive index due to the binding of the antibodies and the immobilized antigens on the Au nanospikes produces a robust red shift in the resonance peak position, which stabilizes in $\approx$15min. Pure PBS is then injected to remove weakly bonded and nonspecific molecules. The LSPR spectra of functionalized gold nanospikes exposed to anti-IgG samples with concentrations ranging from 0.1ng/mL to $10\quad\mu g$/mL are shown in [Fig.4](#fig4){ref-type="fig"}(b). The wavelength shift measured after the washing step with PBS ($\approx$3nm for 1ng/mL antibody sample) is correlated with the concentration of specific antibodies in the test sample and is used to calibrate the sensor response ([Fig.4](#fig4){ref-type="fig"}(c)), which can be expressed using a Hill-type equation, a widely used model([@b23], [@b50]) describing antigen--antibody interaction:  $$\Delta\lambda\left( IgG \right) = \Delta\lambda_{max}\frac{\left\lbrack IgG \right\rbrack}{k + \left\lbrack IgG \right\rbrack},$$where $\Delta\lambda_{max}$ is the wavelength shift at saturating sensor response, while $k$ corresponds to the antigen--antibody affinity constant. The best fit of the sensor responses gives the values of $\Delta\lambda_{max}$=6.8$\pm$0.2nm and $k$ =1.2$\pm$0.3ng/mL. Since the flowing PBS inside the microfluidic chip causes fluctuations of $\approx$0.35nm in the LSPR peak position, the LOD is defined by considering the concentration of antibody producing a wavelength shift that is 3 times this noise (S/N=3)([@b28]), i.e.,$\approx$1nm, which corresponds to the antibody concentration of $\approx$0.2ng/mL ($\approx$1.3pM).Fig. 4LSPR response for an IgG/anti-IgG model system in the opto-microfluidic platform. (a) Typical sensorgram corresponding to the detection of 1ng/mL of IgG antibody in PBS. The vertical dashed lines highlight each step of the protocol described in the text. (b) Absorption spectra of the functionalized gold nanospikes upon exposure to IgG antibody at varying concentrations. The antigen--antibody binding occurring on the surface of the Au nanospikes increases the local RI, causing the red shift of the LSPR peak position (see the black arrow). (c) LSPR response at different IgG antibody concentrations. Each data point corresponds to averaged data from triplicate experiments, with the error bars denoting the standard deviation. (d) Specificity test against BSA ($100\quad\mu g$/mL), IL-6 ($10\quad\mu g$/mL), CRP ($1\quad\mu g$/mL) and a mixture of these analytes at $1\quad\mu g$/mL. All these samples produce negligible wavelength shifts falling under the experimental error. However, when 1ng/mL of anti-IgG is added to the mixture, the wavelength shift is similar to that measured in the PBS with 1ng/mL of anti-IgG.

We further verify the sensor selectivity by measuring its response against three different analytes (i.e.,$100\quad\mu g$/mL BSA, $10\quad\mu g$/mL IL-6, $1\quad\mu g$/mL CRP, and a mixture of these three analytes at $1\quad\mu g$/mL). In principle, if our sensor platform is selective, these analytes should not bind with the immobilized murine IgG, hence no signal response should be detected within the instrument error range. As shown in [Fig.4](#fig4){ref-type="fig"}(c), the three analytes and their mixture at various concentrations produce minimal blue shifts in the average LSPR peak position, which is reasonable considering the relatively high analyte concentration used for the specificity measurements (i.e.,1 to $100\quad\mu g$/mL, much higher than the concentration range showing the linear response with our opto-microfluidic sensor platform). Nevertheless, these small blue wavelength shifts are still comparable with the baseline (i.e.,PBS) signals. Finally, we measure the LSPR peak shift of the mixture of BSA, IL-6 and CRP at $1\quad\mu g$/mL enriched with 1ng/mL of anti-IgG. The LSPR wavelength shift is very similar to the value obtained in the PBS with 1ng/mL of anti-IgG. This implies that the signals captured in our opto-microfluidic chip are not affected by the presence of interfering molecules such as BSA, CRP, and IL-6, but corresponding to the true antigen--antibody interactions.

3.3. Anti-SARS-CoV-2 spike protein antibody detection in PBS {#sec3.3}
------------------------------------------------------------

The sensing procedure optimized for the IgG/anti-IgG model system is next applied to detect antibodies against the SARS-CoV-2 spike protein. In this case, the immobilized antigen is a peptide from the spike protein, which can be easily replaced with the whole protein or with different viral antigens if necessary. Similarly, the surface functionalization steps are first verified by measuring the LSPR peak shift in air (Fig.S5b). While the immobilization of the murine IgG in the previous experiments produced a wavelength shift of $\approx$5nm (Fig.S5a), the immobilization of the SARS-CoV-2 spike protein peptide exhibits a 3.5nm of shift (Fig.S5b). This is reasonable considering the smaller size of the spike protein fragment (20 amino acids; $\approx$2kDa) in comparison to the size of a whole IgG ($\approx$150kDa).

The sensorgram displays the detection of 1ng/mL of anti-SARS-CoV-2 spike protein antibody in PBS in [Fig.5](#fig5){ref-type="fig"}(a). Comparing this output with the analogous experiment performed on IgG/anti-IgG ([Fig.4](#fig4){ref-type="fig"}(a)), the antibody against the spike protein produces a larger wavelength shift ($\approx$4nm) at 1ng/mL, which suggests a higher affinity between the spike peptide and its antibody. This is supported by the calibration of the sensor response shown in [Fig.5](#fig5){ref-type="fig"}(b).Fig. 5LSPR response in detecting antibodies against the SARS-CoV-2 spike protein in the opto-microfluidic platform. (a) Typical sensorgram corresponding to the detection of 1ng/mL of anti-SARS-CoV-2 spike protein antibody in PBS. The vertical dashed lines highlight the initial wavelength stabilization in PBS, the injection of the antibody sample, and the final washing step with PBS to remove weakly bonded molecules. (b) LSPR responses at different anti-SARS-CoV-2 spike protein antibody concentrations. Each data point corresponds to the average data from triplicate experiments, with the error bars denoting the standard deviation.

The best fit of the LSPR responses at different antibody concentrations gives the values of $\Delta\lambda_{max}$=8.2$\pm$0.3nm and $k$=0.6$\pm$0.1ng/mL by using Eq.[(1)](#fd1){ref-type="disp-formula"}. The higher affinity of the anti-SARS-CoV-2 spike protein antibody for the immobilized antigen (i.e.,lower $k$ value) implies higher detection sensitivity and results in a steeper response in the calibration plot. On the other hand, the larger saturation value (8.2$\pm$0.3nm versus 6.8$\pm$0.2nm for IgG/anti-IgG) can be explained considering the different sizes of the immobilized antigens (i.e.,a fragment of the SARS-CoV-2 spike protein and a whole IgG). The LOD related to the SARS-CoV-2 spike protein is $\approx$0.08ng/mL ($\approx$0.5pM), which falls under the clinical relevant concentration range, since the concentration of specific antibodies produced in response to an infection are usually $\approx$mg/mL in the serum of convalescent patients([@b4], [@b19], [@b27], [@b36]). Note that the LOD ($\approx$0.5pM) obtained by our opto-microfluidic platform is comparable or better than existing optical biosensors used to detect antibodies([@b54]), usually in the pM--nM concentration range([@b49], [@b13], [@b21]).

3.4. Anti-SARS-CoV-2 spike protein antibody detection in human plasma {#sec3.4}
---------------------------------------------------------------------

We first check whether our sensing procedure is effected by the plasma components (e.g.,fibrinogen, albumin, globulins, etc.) present in a diluted blood plasma solution (1:1000 in PBS, with 1$\mu$L of human plasma). The sensor response of the dilute blood plasma (red curve in [Fig.6](#fig6){ref-type="fig"}(a)) is very similar to that of a pure PBS solution, indicating that within the experimental error, the plasma components do not interfere with the quantification of the target antibody. However, the diluted human plasma does require slightly longer time ($\approx$20min) to stabilize the sensor signal (i.e.,wavelength shift) due to the presence of the plasma components. We then validate our opto-microfluidic platform to detect SARS-CoV-2 spike protein by using the diluted blood plasma enriched with anti-SARS-CoV-2 spike protein antibodies at concentrations of 1, 10 and 100ng/mL. The black curve in [Fig.6](#fig6){ref-type="fig"}(a) is the sensorgram corresponding to the detection of 1ng/mL of anti-SARS-CoV-2 spike protein antibody in diluted human plasma.

For all 3 concentrations of anti-SARS-CoV-2 spike protein antibodies tested ([Fig.6](#fig6){ref-type="fig"}), the LSPR responses in diluted plasma (blue bars) are on average slightly smaller than those measured in the PBS (red bars). These small differences are possibly caused by the presence of various proteins and molecules in the human plasma sample and are negligible since they fall within the experimental error. The anti-SARS-CoV-2 spike protein antibody concentrations tested in this experiment cover the clinical relevant range for specific antibodies in plasma, and can be further extended to lower concentrations considering the high sensitivity of our opto-microfluidic platform (i.e.,LOD $\approx$0.08ng/mL).Fig. 6LSPR response in detecting antibodies against the SARS-CoV-2 spike protein in a diluted human plasma. (a) Typical sensorgrams corresponding to the detection of 1ng/mL of anti-SARS-CoV-2 spike protein antibodies in diluted human plasma (black line) and sensor response against diluted human plasma without the target antibody (red line). The vertical dashed lines highlight each step of the protocol described in the text. (b) LSPR response at different anti-SARS-CoV-2 spike protein antibody concentrations in PBS (red bars) and diluted plasma (blue bars). Each data point corresponds to the average value measured in 3 experiments, with the error bars denoting the standard deviation.

Recall that rapid diagnostic tests (usually 10--30min) such as lateral flow assays use blood from a finger prick, saliva samples, or nasal swab fluids to check the presence of the antibodies against a specific target (i.e.,the SARS-CoV-2 antigens in this case). However, these tests tend to have lower accuracy and provide only qualitative (i.e.,positive or negative) information about the antibody concentration in the patient's sample, hence their usage is limited to preliminary and fast point-of-care tests. On the other hand, lab-based tests provide quantification of the amount of antibodies in patients' samples such as blood. For instance, neutralization assay relies on the capability of the patient's antibodies to neutralize the virus and protect cells from the infection. This technique requires whole blood, serum, or plasma samples and takes 3--5 days to complete the analysis. Chemiluminescent immunoassays also use whole blood, plasma, or serum samples to quantify the number and isotype of the antibodies. The sample is mixed with a reaction solution and the antibodies are quantified by measuring the emitted light resulting from an enzymatic reaction. The total assay time takes approximately 2h. ELISA-based techniques rely on the incubation of the biological fluid with a plate coated with viral antigens (i.e.,SARS-CoV-2 spike protein), and the amount of bonded antibodies is quantified by a colorimetric or fluorescent-based signal. The whole assay procedure usually requires 2--5h. All these techniques provide quantitative and reliable analysis, but they require experienced operators, bulky and expensive laboratory equipment, and usually take hours of assay time to obtain the results.

We compare our opto-microfluidic sensing platform with the existing commercial serological assays reported by the most up-to-date survey (approved for EUA by FDA), focusing on the performance parameters such as the assay principle, target molecules, portability, assay time, user experience requirement, and susceptibility to false negative results (see details in TableS1 in the Supplementary Materials). Our opto-microfluidic sensing platform combines the fast quantitative detection of antibodies in plasma, which is achieved in $\approx$30min with a small sample volume (i.e.,only 1$\mu$L of plasma is required), with an easy-to-use and compact device, therefore is also suitable for point-of-care tests. The LOD of our platform (0.5pM) is comparable with those offered by laboratory methodologies, including commercial ELISA kits, that usually fall in the pM concentration range([@b56]). For example, the LOD obtained using our platform against 1:1000 diluted spiked human plasma sample is 0.08ng/mL, while the LOD from commercial ELISA assays ranges 1.6--13500ng/mL by using real patient samples. More details can be found in TableS1 in the Supplementary Material. We would like to emphasize that ELISA assays rely on signal amplifications based on horseradish peroxidase or fluorescence to enhance the detection sensitivity, while our LSPR based opto-microfluidic platform is label free, which can significantly reduce the assay time and the amount of chemical consumption, and consequently the overall assay costs. However, our current platform is still at proof-of-concept stage and our results are based on artificial human plasma samples doped with anti-SARS-CoV-19 S antibodies produced in rabbit. Our future work aims to collaborate with local hospitals to perform assays with real covid-19 patient samples to validate and compare the true performance with the existing serological antibody assays.

4. Conclusions {#sec4}
==============

In this work, we report the development and the detailed characterization of an opto-microfluidic sensing platform based on Au nanospikes fabricated by electrodeposition for the detection of anti-SARS-CoV-2 spike protein antibodies. This is performed in diluted human plasma without any labeling agents, reaching a LOD of $\approx$0.08ng/mL ($\approx$0.5pM), which falls under the clinical relevant concentration range of specific antibodies against bacteria or viruses responsible for the infection. Our sensing platform shows great potential to complement the existing serological COVID-19 antibody tests. Since the nanofabrication process involved to assemble the sensing platform is simple, fast and cheap, the mass production of our opto-microfluidic platforms is feasible. The integration of fiber optics in a microfluidic device makes the entire platform very compact and easy to operate even for inexperienced users. Our device is suitable to analyze diluted blood plasma, which is a common practice in serological assays. We intend to collaborate with local hospitals and medical institutions to perform tests on real patient samples. This will be critical to validate our sensing platform for antibody tests for COVID-19 pandemic. To improve the performance of our opto-microfluidic platform, we also plan to optimize the electrodeposition procedure to fabricate gold nanostructures with smaller spacing and higher aspect ratio, so that the antibody-antigen binding can produce a larger shift in the LSPR peak and, consequently, increase the signal-to-noise ratio of the sensor. Finally, we aim to expand our current platform for multiplexing, which is crucial to make diagnosis more accurate by detecting multiple biomarkers, such as antibodies against other COVID-19 structural proteins (membrane, the envelope, and the nucleocapsid proteins).
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